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Ca2+/Sr2+ exchangePhotosystem II (PSII) is the pigment–protein complex which converts sunlight energy into chemical energy by
catalysing the process of light-driven oxidation of water into reducing equivalents in the form of protons and
electrons. Three-dimensional structures from x-ray crystallography have been used extensively to model these
processes. However, the crystal structures are not necessarily identical to those of the solubilised complexes.
Here we compared picosecond ﬂuorescence of solubilised and crystallised PSII core particles isolated from the
thermophilic cyanobacterium Thermosynechococcus elongatus. The ﬂuorescence of the crystals is sensitive to
the presence of artiﬁcial electron acceptors (K3Fe(CN)3) and electron transport inhibitors (DCMU). In PSII with
reaction centres in the open state, the picosecond ﬂuorescence of PSII crystals and solubilised PSII is indistin-
guishable. Additionally we compared picosecond ﬂuorescence of native PSII with PSII in which Ca2 in the oxygen
evolving complex (OEC) is biosynthetically replaced by Sr2+. With the Sr2+ replaced OEC the average ﬂuores-
cence decay slows down slightly (81 ps to 85 ps), and reaction centres are less readily closed, indicating that
both energy transfer/trapping and electron transfer are affected by the replacement.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Primary steps of the photosynthetic conversion of solar energy into
chemical energy occur in the membrane-bound photosystems, photo-
system I (PSI) and photosystem II (PSII1). These photosystems are highly
organised pigment–protein complexes embeddedwithin photosynthetic
membranes. In oxygenic photosynthesis, two photosystems work in se-
ries to extract electrons from the substrate water molecules and transfer
them to the ﬁnal acceptor, NADP+ via a series of redox-active cofactors.
PSII catalyses the thermodynamically challenging process of
light-driven oxidation of water into reducing equivalents in the form
of protons and electrons. As a by-product of this reaction, molecular
oxygen is released that sustains all forms of aerobic life on Earth. The
primary ultrafast photochemical reactions in PSII occur within its reac-
tion centre (RC) composed of the D1 and D2 subunits which bind most31 20 598 7999.
rophyll; FLIM, ﬂuorescence life-
LHCII, light harvesting complex
mplex; PSI, photosystem I; PSII,
II with Ca2+ in the OEC biosyn-
photon counting
. Open access under CC BY license.of the redox-active electron transport cofactors. The PSII inner antenna
subunits CP43 and CP47 together bind 29 chlorophyll (Chl) amolecules,
which, after light absorption, transfer excitons to the primary electron
donor in the RC, followed by charge separation on a picosecond time-
scale [1–8]. Subsequent oxidation of the so-called P680 to a highly
oxidising cationic radical P680•+ drives a concomitant water splitting
reaction at the oxygen evolving complex (OEC). The reduction of
oxidised P680•+ using water-derived electrons is aided by the redox-
active tyrosine Yz of the D1 subunit. The catalytic site for water oxida-
tion is composed of a Mn4Ca-cluster surrounded by a number of highly
conserved amino acids, mainly located in the D1 RC subunit and one
from the CP43 inner antenna subunit [9–14].
Over the last decade, signiﬁcant progress has beenmade in elucidat-
ing the PSII structure using X-ray crystallography [9–17] and a number
of complementary approaches including XAS (e.g. [18–20]), EXAFS
(e.g. [21–23]), EPR (e.g. [24,25]) and FTIR (e.g. [26–28]). The crystal-
lographic analyses of the dimeric and monomeric PSII structures
from the thermophilic cyanobacteria Thermosynechococcus elongatus
and Thermosynechococcus vulcanus allowed for the assignment of all
the 19–20 protein subunits per monomer. The latest near-atomic
structure of dimeric PSII at 1.9 Å revealed that boundwithin the protein
subunits are over 1300 water molecules and 85 cofactors including 35
Chl amolecules, 2 pheophytins, 11 β-carotenes, over 20 lipids, 2 plasto-
quinones, 2 haem irons, 1 non-haem iron, 4 Mn atoms, 3–4 Ca atoms, 3
Cl− ions, and 1 bicarbonate [9]. The geometry of the catalytic site
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a Ca ion that are present at the corners of a cubane are linkedwith oxo-
bridges, and the fourth ‘dangler’ Mn is connected to the cubane via
bridging oxygens.
Time-resolved ﬂuorescence is a powerful tool to obtain information
on the kinetics of energy and electron transfer processes, thus providing
information on the excited-state dynamics of the redox-active pro-
teins, such as pigment-containing protein complexes [29]. The excit-
ed-state dynamics depends largely on the structure and organisation
of the pigment molecules and protein subunits within these com-
plexes. In general, multi-exponential decays have been observed in
cyanobacterial PSII (e.g. [5,7]). These decays are typically described
either phenomenologically, using compartmental models, or using
the near atomic structure as starting point for modelling using ap-
proaches such as modiﬁed Redﬁeld theory (e.g. [30–36]). However,
it is not a priori known whether the molecular structure of
solubilised PSII particles (used for optical spectroscopy) is the same
as that of PSII crystals. Structure and dynamics of pigment–protein
complexes may differ when compared for the solubilised and
crystallised forms of such complexes. For example, the isolated
light-harvesting complex II (LHCII), which functions as the outer
light harvesting antenna of the higher plant PSII, shows clear differ-
ences in Raman [37] and ﬂuorescence [37–39] parameters when
solubilised particles and crystals of this protein complex are com-
pared. Similarly, the PSII core complexes from cyanobacteria exhibit
different electron transfer rates in solubilised and crystallised forms
[40], and may bind different numbers of quinones per RC [41]. In ad-
dition, the ﬂuorescence lifetimes of ethidium bromide bound to DNA
and several ﬂuorescent proteins of the GFP family are shorter when
measured in crystals as compared to solubilised samples [42]. In con-
trast, higher plant PSI shows identical picosecond ﬂuorescence ki-
netics for solubilised particles and crystals [43].
As the excited-state properties of PSII obtained from theoretical
studies based on the crystal structuresmay differ from those in solution,
we set out to compare the excited-state dynamics properties of the
T. elongatus PSII both in the crystallised and solubilised forms of this
complex. To this end, we measured picosecond ﬂuorescence of the
PSII crystals by time-domain ﬂuorescence lifetime imaging microscopy
(FLIM), and of the solubilised PSII core particles by time-correlated sin-
gle photon counting (TCSPC). We demonstrate that the parameters
of the excited-state dynamics are almost indistinguishable for the
crystallised and solubilised forms of cyanobacterial PSII. In addition,
we examined the excited-state dynamics of the native PSII (CaPSII)
and its modiﬁed counterpart in which the Ca2+ cation in the OEC was
biosynthetically replaced by Sr2+ (SrPSII). We show that in the open
state (F0) RCs, the ﬂuorescence kinetics parameters are very similar
for the native and modiﬁed PSII, both in the solubilised and crystallised
forms. Importantly, we also demonstrate that the RCs of CaPSII aremore
readily closed compared to SrPSII RCs. We discuss the functional impli-
cations of the latter.
2. Materials and methods
2.1. Sample preparation
Thermosynechococcus elongatus CaPSII and SrPSII core particles
and 3D crystals were prepared as described in Kargul et al. [40].
Both SrPSII and CaPSII crystals were grown at 17 °C using the hang-
ing drop vapour diffusion method in the presence of 5–8% PEG-
4000 (Fluka), 0.5 mM of methyl mercurial chloride (Hampton Re-
search) and 0.055 mM polyoxyethylene lauryl ether (C12E8) (Hamp-
ton Research). For all the FLIM and TCSPC measurements, both types
of crystals were harvested after 48 h of incubation at 17 °C in the
dark. During harvesting crystals were cryoprotected in 25% glycerol
added stepwise, as described in Kargul et al. [40]. A drop of buffer
containing crystals was cast on a glass cover slide and left tosediment for several minutes before the ﬁrst ﬂuorescence lifetime
imaging.
2.2. Time-correlated single photon counting (TCSPC)
Time-resolved ﬂuorescence of PSII core particles was measured
by TCSPC using a home-built setup [44]. Samples were excited by a
1-mm in diameter vertically polarised laser beam of 412 nm, 200 fs
duration and 3.8 MHz repetition rate. Fluorescence was collected at
a right angle to the excitation beam, and care was taken to minimise
data distortion [45]. The ﬂuorescence light was detected at magic
angle polarisation through a 645 nm long pass ﬁlter (Schott RG
645) tilted by 5° to prevent reﬂections. Detection times were stored
in a multichannel analyser (4096 channels of 2.0 ps). All measure-
ments were performed at 287 K, and the number of counts in the
peak channel was approximately 30,000. Curves were ﬁtted to a
sum of n exponential decays ( F tð Þ ¼∑
n
ane−t=τn ; with ﬂuorescence
lifetimes τn and relative amplitudes pn ¼ an=∑
n
an) that was convo-
luted with the instrument response function (IRF, ~60 ps), using
home-built software [46]. The IRF was determined from the fast
decay of pinacyanol chloride in methanol (6 ps) [43]. The ﬁt quality
was evaluated from the reduced χ2, and from plots of the weighted
residuals and the autocorrelation thereof.
PSII particles were suspended in a 1 × 1 cmquartz cuvette in a buff-
er of 20 mMMES, 10 mMMgCl2, 10 mM CaCl2 at pH 6.5, at an optical
density of 0.1/cm at the Qymaximum. Tomeasure excited state dynam-
ics of the openRCs, 200 μMK3Fe(CN)6was added, and the sampleswere
incubated in the dark at least half an hour before themeasurement. Fur-
thermore, the excitation intensity was reduced to 1.3 μW, with neutral
density ﬁlters. At this intensity (and repetition rate and spot size, see
above) each pulse excites 1 out of ~1.3 ∗ 106 reaction centres. This
means that each reaction centre absorbs fewer than 3 photons per sec-
ond. This number was further reduced by continuous sample mixing
with a magnetic stirrer. RCs were gradually closed by increasing the ex-
citation intensity up to 75 μW and by omitting K3Fe(CN)6 and adding
10 μM DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, which in-
hibits electron transfer from QA to QB). As expected, no singlet–singlet
and singlet–triplet annihilation were detected under these conditions.
Fluorescence kinetics of the PSII crystals were compared with those
of solubilised PSII particles by construction of theoretical decay curves
from the ﬁt results of the solubilised particles and subsequent convolu-
tionwith the IRF of the FLIM, using a reference convolution routine [47].
The resulting curves are compared with the FLIM data. This approach
was previously successfully used for PSI [43].
2.3. Fluorescence lifetime imaging microscopy (FLIM)
Time-resolved ﬂuorescence of PSII crystals was measured by FLIM,
with the setup as previously described [48]. In short, two-photon exci-
tation pulses (860 nm, 150 fs pulse duration, 76 MHz repetition rate)
were focused onto the sample with a 60× water immersion objective
lens (Nikon CFI Plan Apochromat, numerical aperture: 1.2). Fluores-
cence was detected via non-descanned single photon counting detec-
tion, through a band-pass ﬁlter centred at 700 nm (75 nm width)
(HQ700/75 Chroma, Vermont, USA). Images of 32 × 32 pixels were ob-
tained, with 4096 time channels of 3.1 ps. Line scan rates were 250 or
500 Hz and images were averaged for 100–300 s. Typically one crystal
occupied 100 to 500 pixels of the total image. 20 CaPSII and 20 SrPSII
crystals were studied, each at various excitation intensities, with and
without 10 μM DCMU or 4 mM K3Fe(CN)3. Excitation intensities were
typically 0.4, 0.8, 2 and 4 μW; lower intensity yielded too weak signals,
and higher intensities induced sample degradation.
Fitting of the ﬂuorescence kinetics per pixel showed little variation
within individual crystals. Only under high excitation intensity with
Table 1
Fit results of ﬂuorescence decay curves of solubilised CaPSII and SrPSII particles. Decay
curves were ﬁtted separately, and globally with equality constraints for the ﬂuorescence
lifetimes (τ) in both curves. For comparison, two recent results [5,7] of CaPSII particles
from the same organism are shown, averaged over the current detection range.
Global ﬁt Separate ﬁts CaPSII literature
CaPSII SrPSII CaPSII SrPSII ref. [5] c ref. [7] c
τ [ns]a pa,b p τ [ns] p τ [ns] p τ [ns] p τ [ns] p
0.046 0.77 0.75 0.046 0.78 0.046 0.75 0.041 0.77 0.049 0.80
0.156 0.18 0.19 0.165 0.18 0.156 0.19 0.105 0.15 0.223 0.17
0.40 0.04 0.05 0.43 0.04 0.40 0.05 0.332 0.07
1.1 0.004 0.005 0.90 0.004 1.1 0.005
2.9 0.0004 0.001 2.1 0.001 2.9 0.001 2.0 0.01 1.4 0.03
τavg [ns]d 0.081 0.085 0.081 0.084 0.072 0.079
a 67% conﬁdence intervals, calculated by the exhaustive search method [55], are ≤3%
for all τ and p.
b Relative amplitude (pn = an/Σnan, with an the ﬁtted amplitudes).
c Faster components (2 and 9 ps in [5] and 0.7 and 12 ps in [7]) are not resolved here.
d Average ﬂuorescence lifetime (τavg = Σnpnτn/Σnpn) calculated without the ≥0.9 ns
components.
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of a crystal, which is likely due to slow diffusion of K3Fe(CN)3 into the
crystal (see Section 3). Therefore, the ﬂuorescence decay curves of all
pixels within a single crystal were summed to obtain higher signal-to-
noise levels. The resulting curves were ﬁtted as described for the
TCSPC curves. The instrument response function (IRF) (25 ps) was de-
termined from the ﬂuorescence decay of pinacyanol chloride in metha-
nol (6 ps lifetime, [43])measured in the same sample holder as used for
the PSII crystals.
3. Results and discussion
3.1. Excitation dynamics of solubilised PSII core particles
Under conditions where all RCs are open (low excitation light in-
tensity in the presence of K3Fe(CN)3), the ﬂuorescence kinetics of
CaPSII and SrPSII core particles were similar, as shown by the ﬂuores-
cence decay traces (Fig. 1), and their ﬁt results (Table 1). The decays
of CaPSII and SrPSII were ﬁtted independently, or globally, in which
case the lifetimes were constrained to be equal in both samples but
the amplitudes were allowed to vary. Both ﬁt methods yielded very
similar ﬁt parameters and ﬁt quality. The main decay occurs with a
time constant of 46 ps, followed by slower decay processes of
0.16 ns and 0.4 ns. The additional N0.8 ns-components probably
originate from a very small fraction (b0.5%) of closed RCs or from
uncoupled pigments. The kinetics parameters were similar to those
recently published by Miloslavina et al. [5] and van der Weij-de
Wit et al. [7] (Table 1), except for the fastest components which
were below the time resolution of the current setup. In SrPSII the
amplitude of the fastest component is slightly lower, and the ampli-
tude of the next two components slightly higher, resulting in an av-
erage lifetime that is 4 ps slower than that recorded for the CaPSII. It
is not obvious how the Ca2+ to Sr2+ exchange can affect the trapping
rate. It might be due to the structural changes of the water and hy-
drogen bond network around YD upon exchange [15]. These changes
could affect the free energy generated by the initial charge separated
states, leading to slower charge recombination.
Fluorescence decay traceswere acquiredwith RCs that were gradual-
ly closed by using increasingly higher excitation light intensities in the
presence of an artiﬁcial electron acceptor for QB− (K3Fe(CN)6) or an inhib-
itor of electron transfer from QA to QB (DCMU). These traces were ﬁtted
globally, with the constraint that the ﬂuorescence lifetimes are identicalFig. 1. Fluorescence decay kinetics of solubilised CaPSII and SrPSII particles. Fluorescence
was measured with TCSPC at 287 K under conditions in which N99% of RCs are in an
open state (see Materials and Methods section). The inset shows a close-up near
time = 0. The curves were measured until an equal total number of detected photons
was obtained. Excitation was at 412 nm and detection above 645 nm.for all traces. The resulting lifetimes were 46 ps, 157 ps, 406 ps, 950 ps
and 2.7 ns, values that are almost identical to those for open RCs. The rel-
ative amplitude of the fastest decay component, which is strictly associ-
ated with open RCs, was plotted for different excitation intensities and is
presented in Fig. 2. As expected, both types of PSII RCs are closed more
easily in the presence of DCMU as compared to K3Fe(CN)3. In both
cases CaPSII RCs are closed more readily than SrPSII. This may be related
to differences in electron transfer rates between CaPSII and SrPSII ob-
served for both soluble and crystallised dimeric core complexes [40,49]
(see below). Substitution of Ca2+ by Sr2+ in the OEC slows down S-
state kinetics beyond S2 and S3 states during photosyntheticwater oxida-
tion cycle [22,49–53] but the structural basis for this phenomenon was
missing until recently. The latest SrPSII crystal structure resolved at
2.1 Å showed that not only the position of Sr2+ was shifted by 0.1–
0.2 Å towards the outside of the Mn-cluster cubane, but also that one
of the putative water substrate molecules (W3) coordinated by Ca2+ in
the native cluster was located at a slightly larger distance from the
cubane, resulting in weaker binding of W3 by Sr2+ [15]. In addition, by
using FTIR spectroscopy, Barry and colleagues revealed a considerable
structural change around the Mn cluster during S2-to-S3 transition
upon Sr2+ substitution in the PSII catalytic centre, possibly due to the
shift of carboxylate ligands positioning around the Mn-cluster in Sr S3Fig. 2. Relative amplitude of the fastest ﬂuorescence decay component (46 ps) of
solubilised CaPSII and SrPSII particles as a function of light intensity (symbols), and expo-
nential ﬁts thereof (curves). Datasets were analysed globally, constraining lifetimes to
equality for all data sets. Measurements were performed in the presence of 200 μM
K3Fe(CN)6 or 10 μM DCMU, as indicated in the legend.
Fig. 4. Fluorescence decay kinetics of CaPSII (red) and SrPSII (blue) crystals, as measured
by FLIM. Decay curves of PSII crystals with the open-state (solid lines; lowest excitation
intensity + 4 mM K3Fe(CN)3) or closed-state (dashed lines; highest excitation
intensity + 10 μMDCMU) RCswere obtained at room temperature using FLIM. Excitation
was at 860 nm, and detection at 670–730 nm. Decay curves of open solubilised PSII (dot-
ted lines; black CaPSII, grey SrPSII)were reconstructed from theﬂuorescence kinetics from
TCSPC (Table 1), by convolution of the multi-exponential decay with the FLIM IRF. All
curves are normalised at the peak intensity.
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state kinetics and a decreased oxygen evolution rate of the Sr2+-
substituted PSII observed in previous studies [40,49–53]. Some of us
have previously shown that in Sr2+-substituted PSII, forward electron
transfer from theMn4Sr-cluster toQA and fromQA− toQB on the acceptor
side of the complex is also slowed down, concomitant with stabilisation
of the S2QA− charge recombination state (backward electron transfer)
[40]. It is therefore feasible that the stabilisation of the S2QA− charge-
separated state observed for SrPSII [40]may lead to an improved recov-
ery of the SrPSII RC to the open state, and therefore less efﬁcient closure
of the SrPSII RC compared to the native counterpart. Quantiﬁcation of
the recovery rate of RCs to the open statewill require detailedmolecular
modelling (e.g. QM/MM or DFT).
3.2. Excitation dynamics of PSII crystals
We compared excitation dynamics of Sr- and CaPSII complexes
with open and partially closed RCs using time-resolved ﬂuorescence
lifetime imaging microscopy (FLIM) of both types of PSII crystals.
FLIM images of the CaPSII and SrPSII crystals with open RCs were
analysed by ﬁtting of the ﬂuorescence decay curves in each pixel to
single-exponential decay functions. Typical results of single CaPSII
and SrPSII crystals are presented in Fig. 3, where the colour codes
for the ﬂuorescence lifetime and the frequency histogram shows
the distribution of lifetimes. Both types of PSII crystals showed similar
ﬂuorescence decay kinetics for open RC states. As for each examined
Ca/SrPSII crystal, the ﬂuorescence lifetime kinetics were homogeneous,
we summed the signal over all pixels within a single crystal to increase
the signal-to-noise ratio.
As shown in Fig. 4, the summed traces of ﬂuorescence decay were
similar for CaPSII and SrPSII crystals, as well as the solubilised PSII core
complexes. The lower signal-to-noise ratio of the FLIM data precluded
the direct determination of the ﬁve ﬂuorescence lifetimes observed for
solubilised particles. Instead, three lifetimeswere resolved in two global
ﬁts (CaPSII and SrPSII) of all decay curves measured under the highestFig. 3. Fluorescence lifetime imaging of CaPSII (A,D) and SrPSII (B,E) crystals, with false colour c
fromabi-exponentialﬁt (D,E), and frequency histograms of the (average)ﬂuorescence lifetimes
with detection at 670–730 nm and two-photon excitation at 860 nm at the lowest (A–C) andand lowest light intensity in presence or absence of K3Fe(CN)3 and
DCMU (Table 2 and Supplementary Table S1). The lifetimes of Sr/CaPSII
crystals were very similar, and appeared as intermediates of the ﬁve
lifetimes determined for the solubilised particles: ~0.1 ns (between
0.046 and 0.156 ns), ~0.5 ns (0.4 and 1 ns) and ~2 ns. The fastest com-
ponent contributesmost to the decay, in qualitative agreementwith the
solubilised particles. This was quantitatively analysed by ﬁtting the
decay curves of the crystals while keeping the lifetimes ﬁxed to the
values obtained for the solubilised particles. The resulting relativeoding of the lifetimes from amono-exponential ﬁt (A,B) or average ﬂuorescence lifetimes
(C,F).Measurementswere taken at room temperature in the presence of 4 mMK3Fe(CN)6,
highest (D–F) excitation intensities.
Table 2
Fit results of ﬂuorescence decay curves of CaPSII and SrPSII crystals. Decay curves were
ﬁtted by global analysis with equality constraints on the ﬂuorescence lifetimes (τ) of all
CaPSII and all SrPSII decay curves measured at highest (HL) and lowest (LL) excitation
intensity, with and without additives (4 mM K3Fe(CN)3 or 10 μM DCMU). Here we
show a subset of the ﬁt results, with mainly open (LL + K3Fe(CN)3) and closed
(HL + DCMU) RCs. The complete ﬁt results are provided as Supplementary Table S1. Fit
results with lifetimes ﬁxed to those of solubilised PSII particles (see Table 1) are also
shown.
Global ﬁt Lifetimes from solubilised PSII particles
Open Closed Open Closed
τ [ns] pa,b σc pa,b σ τ [ns]d pa,e σ pa,e σ
CaPSII 0.13 0.93 0.02 0.34 0.06 0.046 0.67 0.03 0.02 0.04
0.76 0.07 0.02 0.41 0.02 0.156 0.21 0.02 0.34 0.03
2.1 0.00 0.00 0.25 0.06 0.40 0.11 0.02 0.06 0.07
1.1 f 0.016 0.012 0.45 0.06
2.9 f 0.0002 0.0002 0.13 0.03
SrPSII 0.11 0.91 0.03 0.37 0.08 0.046 0.63 0.03 0.10 0.08
0.51 0.07 0.04 0.42 0.03 0.156 0.22 0.02 0.36 0.04
1.5 0.01 0.01 0.22 0.06 0.40 0.11 0.02 0.17 0.04
1.1 f 0.021 0.007 0.33 0.08
2.9 f 0.0001 0.0001 0.04 0.01
a Relative amplitude (pn = an/Σnan, with an the ﬁtted amplitudes).
b 67% conﬁdence intervals, calculated by the exhaustive searchmethod [55], are smaller
than σ.
c Standard deviation of p from 3 to 8 different crystals.
d Fixed.
e 67% conﬁdence intervals calculated by the exhaustive search method are b20%.
f Amplitudes of these components are hard to estimate due to background noise.
Table 3
Fit results of ﬂuorescence decay curves of CaPSII and SrPSII crystals. Amplitude of the
0.1 ns component (p0.1ns) of the ﬁt in Table 2 and Supplementary Table S1, for different
experimental conditions.
Buffer additives CaPSII SrPSII
LLa HLb LL HL
None 0.73 0.38 0.66 0.36
4 mM K3Fe(CN)3 0.93 0.48 0.91 0.60
10 μM DCMU 0.55 0.34 0.60 0.37
a Lowest excitation intensity.
b Highest excitation intensity.
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pare Table 1with Table 2, right). For amore direct comparison of the ki-
netics in PSII crystals and solubilised core particles, ﬂuorescence decay
curves were reconstructed from the ﬂuorescence decay kinetics of
open RCs in the solubilised PSII particles (Table 1), and convoluted
with the instrument response function (IRF) of the FLIM setup. These re-
constructed curves (Fig. 4, black and grey) are nearly indistinguishable
from the experimental curves obtained for the crystals. Together,
these results indicate that (within the time resolution obtained) the ex-
cited state kinetics of PSII with open RCs is identical for crystals and
solubilised particles of Sr/CaPSII.
Upon illumination with higher light (HL) intensity, the ﬂuorescence
decay slows down (Fig. 3D–F), similar to ﬂuorescence decay kinetics
observed for the solubilised PSII particles (see above) and in vivo
(e.g. [6]). This effect is enhanced in the presence of DCMU and re-
duced in the presence of K3Fe(CN)3 (see Supplementary Table S1).
The fastest lifetime (~0.1 ns) in the global ﬁt originates solely from
PSII with open RCs [5,7], so its relative amplitude (p0.1ns) is a measure
for the fraction of open RCs. Indeed, p0.1ns increases in the presence of
K3Fe(CN)3, and decreases in the presence of DCMU at increased excita-
tion intensity (Table 1). Under all the conditions applied, a signiﬁcant
fraction (p0.1ns N 0.3) of RCs remains open. This may be due to the ex-
perimental design of FLIM, with a short illumination period (typical
pixel dwell time of 50–100 μs), followed by a relatively long dark period
(typically ~2 ms). The dark period allows for recovery of RCs to the
open state between two consecutive illumination periods. Under all
the conditions examined, the fraction of closed RCs in SrPSII is smaller
(p0.1ns larger) or equal to that in CaPSII (Table 3), indicating that CaPSII
RCs closemore readily than SrPSII RCs, analogous to solubilised PSII par-
ticles (see above and Fig. 2).
4. Conclusions
4.1. Comparison between CaPSII and SrPSII
Fluorescence decay kinetics of solubilised CaPSII and SrPSII particles
with open RCs are very similar (Figs. 1, 4 and Table 1), albeit with a
slightly faster decay for CaPSII as compared to SrPSII (4 ps shorteraverage ﬂuorescence lifetime). At higher excitation intensity and in
the presence of the electron transfer inhibitor DCMU (closed RCs)
the decay slows down signiﬁcantly. As full RC closure could not be
achieved, a direct comparison of the ﬂuorescence decay kinetics in
CaPSII and SrPSII closed states was not possible. Nevertheless, RCs
in CaPSII appear more readily closed than those in SrPSII (Fig. 2 and
Table 3). This may be related to the apparent differences of the for-
ward and backward electron transfer rates between S2 and QA−
upon substitution of Ca2+ with Sr2+ in the OEC [40,49], as a result
of perturbation of the geometry, as well as the substrate water and
carboxylate ligand binding within the catalytic centre of PSII during
water splitting cycle [15,26,28,54].
We conclude that substitution of Ca2+ by Sr2+ in the OEC has only a
minor secondary effect on the excited state kinetics of PSII particles, but
rather appears to affect electron transfer kinetics (in agreement with
[40,49]).
4.2. Comparison between crystallised and solubilised PSII particles
Fluorescence decay curves of crystallised and solubilised PSII
particles with open RCs are indistinguishable (Fig. 4), as conﬁrmed
by comparing the ﬁtted ﬂuorescence lifetimes and amplitudes
(Tables 1 and 2), despite the reduced signal-to-noise ratio in the
crystal experiments. Analogous to the solubilised particles, upon
RC closure (by increasing excitation intensity and inhibiting the QB
site with DCMU), the ﬂuorescence decay of the crystallised PSII
slows down. Moreover, as for solubilised particles, closing of the
RCs seems more efﬁcient in CaPSII than SrPSII, as probed by the am-
plitude of the shortest lifetime (Table 3), which may be due to the
stabilisation of the S2QA− charge-separated state for SrPSII, leading
to an improved recovery of the SrPSII RC to the open state when
compared to the native counterpart.
We conclude that crystallisation of the two types of PSII particles
does not signiﬁcantly affect the excited-state kinetics in this
photocatalytically active complex. Thus, it is appropriate to use the
structure obtained from PSII core particles for theoretical modelling
of energy transfer and trapping, in contrast to trimeric LHCII antenna
of spinach [37,39] and pea [38], in which the average ﬂuorescence
lifetime is approximately ﬁve-fold shorter for the crystallised com-
plex as compared to its solubilised counterpart.
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